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A high resolution map of the human genome previously has been
constructed by using the G3 panel of humanyhamster radiation
hybrid cell lines and >15,000 unique human genetic markers. By
determining whether human DNA sequences are present or absent
in each of the hybrids, localization of single genes may routinely be
achieved at '250-kb resolution. In this paper we have tested
whether similarly precise localization might be achieved by phe-
notypic screening of the hybrids to facilitate positional cloning of
unknown genes. We assayed the susceptibility of each of the
hybrid cell lines to transduction by retroviral vectors bearing
different retroviral envelope proteins that recognize receptors
present on human but not on hamster cells. The results for each of
the retroviral vectors were informative and allowed precise local-
ization of the receptor genes for the RD114 cat endogenous
retrovirus, xenotropic murine leukemia virus, and type C feline
leukemia virus. After cloning of the receptors for these retrovi-
ruses, we found that standard genotypic mapping by PCR gave
results that were nearly identical to those from phenotypic map-
ping. These experiments show that precise gene localization by
phenotypic assay of radiation hybrids is practical and was not
appreciably impacted by the known instability of such hybrid cells.
This technique should be applicable to many other human genes
having discernible phenotypes in hamster cells and, with comple-
tion of the human genome project, will allow rapid identification
of unknown genes on the basis of phenotype.

The Stanford Human Genome Center (SHGC) G3 panel of
radiation hybrid cell lines consists of 83 clones of hamster

cells that contain multiple independent fragments of human
DNA. The panel was generated by fusing irradiated human cells
with thymidine kinase-negative hamster cells and selecting
clones that express human thymidine kinase (1). At the radiation
dose used (10,000 rad), the human DNA is broken into frag-
ments with an average size of 4 megabases (Mb), and each hybrid
contains '18% of the human genome. By using PCR to screen
these hybrids for the presence or absence of .15,000 unique
human DNA markers, a high-resolution map of the human
genome has been developed. DNA from these hybrids now can
be screened for the presence of any new unique sequence and the
results can be submitted to a web-based server to determine the
precise location of the DNA sequence within '250 kb (http:yy
www-shgc.stanford.edu).

It also is possible to screen radiation hybrid cell lines for gene
expression and thereby to map genes by phenotype. For example,
in 1975, Goss and Harris (2) were the first to use radiation
hybrids to determine linkage of four phenotypic markers scat-
tered on the human X chromosome. However, although there is
a long history of the use of humanyhamster hybrid cell lines to
localize and establish linkage maps for human genes based on
phenotypic assay, this technique has not been applied to the
high-resolution radiation hybrid panels that are now available.
Previous studies have provided relatively crude localization data,
and it was suspected that the known genetic instability of such
hybrids, or lack of expression of genes located on short genomic
fragments, might limit the precision of such analyses.

To examine whether genes could be precisely localized based
on phenotypic assay of radiation hybrid cell lines, we have
attempted to localize several retrovirus receptor genes. Retro-
viruses can use many different receptors for cell entry (3–5), and
we have been interested in the identification and characteriza-
tion of these cell-surface molecules. Knowledge of these recep-
tors is important for an understanding of the evolution of
retroviruses, for treatment of diseases caused by retroviruses,
and for gene therapy applications involving retroviral vectors.
Several retroviruses can infect human but not hamster cells,
making receptor localization by phenotypic screening of humany
hamster radiation hybrid cell lines possible. In this study, we have
used retroviral vectors packaged into virions bearing different
retroviral envelope (Env) proteins (pseudotypes) to screen the
hybrid cells for the presence of the cognate virus receptors. By
using this approach, we have been able to localize the receptors
for the RD114 cat endogenous virus, the xenotropic murine
leukemia virus (MuLV), and feline leukemia virus type C
(FeLV-C). We subsequently cloned the first two of these recep-
tors whereas others cloned the FeLV-C receptor, and we show
that the results of genotypic mapping closely match those from
phenotypic mapping.

Materials and Methods
Cell Culture. HT-1080 human fibrosarcoma cells (American Type
Culture Collection CCL-121) were grown in DMEM supple-
mented with 10% FBS (HyClone). A23 hamster cells and the
A23-derived radiation hybrid clones (1) were grown in MEM-a
supplemented with 10% FBS. The radiation hybrids were grown
for #8 weeks before phenotypic analysis.

Retroviral Vectors. Moloney MuLV-based retroviral vectors en-
coding human placental alkaline phosphatase and neomycin
phosphotransferase (LAPSN, ref. 6) or green fluorescent pro-
tein and neomycin phosphotransferase (LNCG, ref. 7) were used
to measure transduction rates. Helper-free retroviral vectors
pseudotyped with Env proteins from the RD114 cat endogenous
retrovirus, xenotropic MuLV, or 10A1 MuLV were produced by
using FLYRD18 (8), PXyLAPSN or PXyLNCG (9), or PT67
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(10) retrovirus packaging cells, respectively. Vesicular stomatitis
virus G protein (VSV-G) pseudotype vectors were produced as
described (11). To generate retroviral vectors bearing the
FeLV-C Env, a DNA fragment containing the FeLV-C Sarma
Env coding region (12) was inserted downstream of the cyto-
megalovirus immediate-early promoter, in place of the b-galac-
tosidase cDNA, in the expression vector pCMVb (CLONTECH)
to make pCSI-EFSC. Cell lines producing FeLV-C pseudotype
vectors were generated by introducing the pCSI-EFSC plasmid
and the LAPSN vector into LGPS cells (13) that express the
Moloney murine leukemia virus Gag-Pol proteins, and a clone
that produced the highest titer of the LAPSN vector (PFSCy
LAPSN c4) was identified. For measurement of transduction,
cells were exposed to the retroviral vectors in the presence of 4
mgyml Polybrene (Sigma), the cells were fed the next day, and on
day 2 after vector addition the cells were stained for alkaline
phosphatase expression as described (14) or were examined for
green fluorescent protein expression with a fluorescence micro-
scope. Results are expressed in alkaline phosphatase-positive or
green fluorescent protein-positive focus-forming units (FFU)
per ml of vector.

Chromosomal Gene Localization. The chromosomal localizations of
the retrovirus receptor genes were determined by PCR analysis
of G3 radiation hybrid panel chromosomal DNA samples ob-
tained from Research Genetics (Huntsville, AL). The human
RDR gene was detected by using primers R1b15FN (59-
TGGCTGCTGGAGTACATGTG-39) and R1b15RO (59-
CCCAGTGGGGGCTAGAATTC-39) to produce a predicted
196-bp product. The human XPR1 gene was detected by using
the primers X56F (59-GAATGGTTGAAACCGGACATTG-
39) and X56R (59-GCTTCATGAATGAAGGTACTGC-39) to
produce a predicted 144-bp product. The location of the human
FLVCR gene was determined previously (15) by using the
primers 59-GCCCCTCTGTTTCAGCATTA-39 and 59-CTTG-
GTCTGTGGGACTGTCA-39 to produce a predicted 273-bp
product. The primers listed above are given in the order of
forward and reverse primers with respect to the direction of gene
transcription.

Results
The ability of several Env proteins to mediate retroviral vector
transduction of human and hamster cells is shown in Table 1. Env
proteins from the RD114 cat endogenous virus, xenotropic
MuLV, and FeLV-C promoted efficient transduction of HT-
1080 human cells but not the A23 hamster cells used to make the
G3 panel of radiation hybrid cell lines. In contrast, otherwise
identical vectors bearing the 10A1 MuLV Env protein or the
surface glycoprotein from vesicular stomatitis virus G protein

(VSV-G) could transduce both the human and the hamster cells,
showing that the block to transduction of the hamster cells by the
retroviral vectors with the RD114, xenotropic MuLV, and
FeLV-C pseudotypes is at the level of virus entry mediated by
Env. These results provide the basis for phenotypic screening of
the radiation hybrids for the presence of the human receptors for
the RD114, xenotropic MuLV, and FeLV-C Env proteins.

We found that 14–16% of the radiation hybrid cell lines were
positive for transduction by retroviral vectors with RD114,
xenotropic, or FeLV-C pseudotypes (Fig. 1, first row of each
group). These results are consistent with a model involving a
single gene encoding each retrovirus receptor and an estimate of
the average human DNA content of each hybrid being 18% of
the human genome. Evaluation of the results by using the SHGC
radiation hybrid web server (http:yywww-shgc.stanford.edu) re-
vealed that the receptors for RD114, xenotropic MuLV, and
FeLV-C were localized at distances of 6, 6, and 21 centirays (cR),
or about 140, 140, and 500 kb, from ordered markers at
chromosome positions 19q13.3, 1q25.1, and 1q32.1, respectively.
One centiray is defined as the distance over which radiation
breakage occurs at 1% frequency, and for the radiation dose
used to generate the G3 radiation hybrid panel (10,000 rad), 1
cR corresponds to '24 kb. Logarithm of odds (lod) scores (log10
of the likelihood ratio) for these linkages were very high, 12.1,
12.1, and 9.1, respectively.

These results prompted us to initiate positional cloning efforts
to identify the genes encoding the three retrovirus receptors, but
in the meantime we and others successfully isolated human
cDNAs encoding the RD114 receptor (RDR) (7, 16), the
xenotropic MuLV receptor (XPR1) (9, 17, 18), and the FeLV-C
receptor (FLVCR) (15, 19) by expression cloning using retro-
viral cDNA expression libraries. We designed PCR primers to
detect the receptor genes in DNA from the radiation hybrids to
determine whether the genotypic mapping would give the same
results as did the phenotypic mapping. Indeed, the genotypic
mapping gave nearly identical chromosomal positions for the
three receptors as compared with those determined by pheno-
typic mapping, as described below. Note that the DNA samples
that were used for the PCR analysis were not prepared from the
radiation hybrid cell lines that we were growing, but were the
standard DNA samples that are supplied to the research com-
munity by Research Genetics. Thus, the good correlation be-
tween phenotypic and genotypic mapping data indicates the
relative stability of the gene expression pattern in these radiation
hybrid cell lines.

Fig. 1 shows the high similarity among the radiation hybrid bar
codes for receptor phenotype, genotype, and several linked
markers. To help establish the validity of the phenotypic map-
ping data, we calculated the two-point distances between the
receptor phenotypes or genotypes and the ordered markers on
the SHGC map and plotted these results against SHGC map
distances determined by statistical analysis of the PCR results
from multiple markers over the whole human genome (Fig. 2).
An ideal result would be a V-shaped curve with arms at 45°
angles from the horizontal, indicating a direct correspondence
between the two-point distances and the SHGC map distance. A
close to ideal result was observed for the XPR1 receptor
phenotypic and genotypic data (Fig. 2). Moreover, both the
phenotypic and the genotypic data position XPR1 close to
marker SHGC-471. A similar result was obtained for the FLVCR
receptor (Fig. 2), but in this case the phenotypic analysis
positioned FLVCR farther away from all of the markers than did
the genotypic analysis. For the RDR receptor, a V-shaped curve
was observed for the phenotypic data, but there is some anom-
alous behavior for the genotypic data near the presumed location
of the gene (Fig. 2), which might be explained by PCR errors. For
RDR the phenotypic data appear to give more precise localiza-
tion for RDR than do the genotypic data.

Table 1. Transduction of human and hamster cells by retroviral
vectors having different Env proteins (pseudotypes)

Vector
pseudotype

Vector transduction of:

HT-1080
human cells

A23 hamster
cells

RD114 1 2

Xenotropic 1 2

FeLV-C 1 2

10A1 1 1

VSV-G 1 1

LAPSN or LNCG vectors with the indicated pseudotypes were added to
HT-1080 human and A23 hamster cells. Cells were stained for alkaline phos-
phatase expression (LAPSN) or were examined for green fluorescent protein
expression (LNCG) 2 days after vector exposure, and transduction is indicated
as 1 ($104 FFUyml of vector preparation) or 2 (#10 FFUyml).
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In an attempt to determine the confidence of the phenotypic
positional assignments, we calculated the multipoint lod scores
as a function of distance on the SHGC ordered maps (Fig. 3). For
the RDR phenotypic data, the highest lod scores were obtained
in the interval between markers 3,680 and 9,630, with much
lower lod scores (.2 lower) at other positions, indicating a high
confidence (.95%) that the gene responsible for this phenotype
is within this 16 cR ('380 kb) interval. As with the two-point
analysis (Fig. 2), the RDR genotypic data were not as well
behaved and provided less accurate positional information. For
XPR1, the phenotypic data position the gene between markers
30,547 and 471 with high confidence, but markers in this region
are sparse, resulting in less precise localization to a region of
about 25 cR ('600 kb) where the lod scores are within 2 lod of
the peak. Markers are more frequent to the right of marker 471,
leading to more definitive exclusion of XPR1 from this region.
For FLVCR, both the phenotypic and genotypic data position
the receptor between markers 12,563 and 783, a distance of 11
cR ('260 kb). Thus, the phenotypic mapping of these receptors
gave reliable and precise chromosomal positions for the receptor
genes.

Discussion
We were able to precisely map three retrovirus receptor genes
by phenotypic analysis of humanyhamster radiation hybrid cell
lines, however, our attempts to positionally clone these receptors
by using this data were superseded by efforts to clone the genes
by an approach involving retroviral cDNA expression libraries.
In the future, the most exciting application of the phenotypic
mapping technique will come with the fast-approaching com-
pletion of the human genome sequencing project (21) and the
further development of higher resolution radiation hybrid pan-
els. Availability of the complete sequence of the human genome
will allow direct identification of candidate genes based on the
phenotypic mapping data and will eliminate the time-consuming
task of positional cloning after gene localization. The current
resolution of the G3 hybrid panel is '250 kb, or '8 genes,

whereas the TNG4 radiation hybrid panel made by using human
DNA exposed to 50,000 rad of radiation provides a resolution of
'60 kb (http:yywww-shgc.stanford.edu), narrowing the number
of candidate genes to '2. Phenotypic assays that might be used
to screen the radiation hybrids include binding assays for cell
surface proteins, the use of antibodies to detect human protein
expression, isoenzyme analysis, protein gel analysis, and other
techniques that can distinguish phenotypes of human proteins
expressed in hamster cells.

An important finding from this study was that the G3 radiation
hybrid cells were sufficiently stable in culture to allow informa-
tive phenotypic analysis. The hybrid cell lines that we analyzed
came from stocks at Stanford University. Similar stocks previ-
ously had been sent to Research Genetics to make the large
amounts of genomic DNA used for PCR-based mapping of
human genetic markers and for the PCR analysis of the retro-
virus receptor genes. We grew the hybrids for up to 8 weeks
before phenotypic analysis, and the cell lines were expanded
independently to make the genomic DNA at Research Genetics.
The independent cultivation of the hybrids might explain why
PCR analysis sometimes gave a discordant result as compared
with phenotypic analysis for a given hybrid, either PCR-positive
and phenotype-negative or PCR-negative and phenotype-
positive (Fig. 1). Despite these occasional differences, the anal-
ysis of multiple hybrids and the relative stability of the hybrids
provided good statistical power to localize genes by phenotype.

Other explanations for a PCR-positive and phenotype-
negative result include suppression of expression from an intact
gene containing the PCR-amplified region, or loss of a critical
region of the gene required for expression that did not include
the PCR-amplified region. PCR-negative and phenotype-
positive results at first seem more difficult to explain, however,
most PCR markers for genes, including those used here, are
designed against the 39 end of cDNAs, and thus the PCR-
amplified region might be deleted without loss of gene function.
For example, of the three retrovirus receptors examined here,
the only examples of PCR-negative and phenotype-positive

Fig. 1. Results of screening radiation hybrids for the presence of retrovirus receptors by phenotype (Transduction) and genotype (Receptor PCR) as compared
with results from the PCR analysis of closely linked markers. The radiation hybrid clones are arrayed horizontally with numbering equivalent to the standard used
for hybrid DNA analysis. A ‘‘1’’ on a black background indicates that the radiation hybrid was transduced at a titer of $104 FFUyml in the case of transduction
analysis or that a PCR product was detected in the case of DNA analysis. A ‘‘0’’ indicates that the hybrid was transduced at a titer of ,10 FFUyml in the case of
transduction analysis or that a PCR product was not detected in the case of DNA analysis. The shaded boxes indicate unavailable or ambiguous data. Note that
the radiation hybrid cell lines numbers 48, 76, and 78 were not available for transduction analysis. The third through fifth rows of data for each receptor represent
the PCR results for the closest SHGC-ordered markers for each receptor.
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hybrids were observed for FLVCR, and two hybrids show this
result. It turns out that the PCR-amplified region in the 39 end
of the gene is separated by a large 6-kb intron from the majority
of the FLVCR coding region, thus deletion of the PCR-amplified
region without ablation of the gene phenotype is plausible.
Lastly, differences in the sensitivities of phenotype and PCR
analysis also could lead to occasional discrepancies in phenotype
and PCR results.

We were able to localize all three genes that we examined by
phenotypic analysis of the radiation hybrid cell lines. However,
it is likely that some human genes are not expressed in the
hybrid cells, precluding their localization by this method. In
addition, very large genes may frequently be fragmented in the
hybrids, such that expression occurs in only a small fraction of
the hybrids and leads to uninformative results. This problem
is predicted to be more pronounced in hybrids made with very
high radiation doses such as those in the TNG4 hybrid panel,
where the average human genome fragment size is 800 kb, in
contrast to the average size of 4 Mb in hybrids from the G3

panel used here. Despite these potential problems, our results
show that phenotypic screening of radiation hybrid cells
provides a useful method to localize and clone human genes
and builds on the considerable effort already devoted to the
generation of high-resolution maps using these hybrids. Once
the sequence of the human genome is available, genotypic
mapping of new human sequences by using radiation hybrids
will become obsolete, but the hybrids will still be a valuable
resource for phenotypic mapping.

Fig. 2. Two-point distances between retrovirus receptors and ordered mark-
ers (x axis) in comparison to SHGC-ordered marker map distance (y axis). The
location and identification numbers of the SHGC-ordered markers are shown
below the diagrams with the distances (cR) shown between markers. All
distances are drawn to the same scale.

Fig. 3. Multipoint analysis of the likelihood of linkage (lod) between
ordered markers and the retrovirus receptors by phenotypic and genotypic
analysis. SHGC-ordered marker numbers are shown below the curves. Map
distance is plotted on the x axis. lod scores below 0 are not shown. Multipoint
lod scores were computed as described (20) with the computer program
RADMAP written by L.K.
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